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ABSTRACT 
This paper examines the aerodynamic design requirements of a cooled cooling air system for a large, high by-
pass ratio, high overall pressure ratio aero-engine. This can be broken into aerodynamic sub-systems each with 
their own set of requirements and challenges. A low pressure system is required to deliver air bled from the 
bypass duct to a heat exchanger for use as a heat sink. Similarly, a high pressure system removes a portion of the 
hot core engine air from a location downstream of the compressor and ducts this to-and-from the HX for 
cooling. This cooled air must then be returned, across the main gas path, for use in component cooling. The 
challenge is to design these sub-systems such that satisfactorily perform their own function whilst integrating 
into the existing engine architecture. This paper presents an overview of a number of studies which use CFD to 
explore the design space and develop appropriate designs which were subsequently experimentally validated on 
several isothermal test facilities. Ultimately the feasibility of designing the aerodynamic sub-systems was 
demonstrated and a future design strategy established. 
Keywords: Gas Turbine, Combustor, Cooling, Aerodynamics 
  
2 ISABE 2017  
NOMENCLATURE 
ACARE Advisory Council for Aviation Research and Innovation in Europe 
AIP Agreed Interface Place 
AR Area Ratio 
AS Aspect Ratio 
CCA Cooled Cooling Air 
CFD Computational Fluid Dynamics 
CO Carbon Monoxide 
CO2 Carbon Dioxide 
CS Captured Streamtube 
FSN Fuel Spray Nozzle 
HP High Pressure 
HX Heat Exchanger 
IGV Inlet Guide Vane 
NOx Oxides of Nitrogen 
LP Low Pressure 
MFR Mass Flow Ratio 
OGV Outlet Guide Vane 
OPR Overall Pressure Ratio 
SFC Specific Fuel Consumption 
UHC Unburnt Hydrocarbons 
VR Velocity ratio 
 
Symbols 
A Area 
Cp Static pressure recovery coefficient 
L Length ṁ Mass flow rate 
P, p Total, static pressure 
U Axial velocity 
y+ Dimensionless wall distance 
ρ Density 
η Ram Pressure Recovery 
λ Total pressure loss coefficient 
 
Superscripts 
A OGV exit 
B Pre-diffuser exit 
C Inner annulus 
E Outer annulus 
 
Subscripts 
- Area weighted spatial average 
~ Mass weighted spatial average 
 
1.0  INTRODUCTION 
Air traffic is expected to grow significantly over the next 20 years and, unless new technology is introduced, this 
will negatively impact the environment with increased emission of CO2, CO, NOx, UHC and particulate matter. 
Stringent legislation is in place to control the environmental impact of aviation and this prescribes specific 
targets against which aircraft and aero engines must be certificated. Future targets have also been proposed in 
ACARE’s “Flightpath 2050” [1] document and in combination with the current legislation this sets difficult 
technical challenges. As aero gas turbine designers strive for ever greater efficiencies to reduced fuel burn and 
emissions the trend has been for engine overall pressure ratios (OPR) to rise. Higher OPR allows greater thermal 
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efficiencies and provides higher thrust for a given core size. However, this also means that cycle temperatures 
increase (see Figure 1). Interestingly, in modern engines the compressor exit temperature is now significantly 
higher than the turbine entry temperature in early engines. This temperature increase is a particular problem as 
compressor exit air is routinely used to cool components in the combustion and turbine systems. Using higher 
temperature air for cooling will reduce the operation life of these critical parts and/or require unacceptably high 
cooling flows. Ultimately this could negate the goal of a reduction in specific fuel consumption. Additionally, 
the drive towards lean-burn combustion systems, in order to reduce NOx emissions, means the availability of 
cooling air will be reduced. State-of-the-art engines currently require 20-30% of the compressor delivery air to 
be diverted for component cooling but for lean combustion the majority of the compressor efflux must flow now 
through the fuel spray nozzle. In summary, these changes make the task of cooling the highly thermally loaded 
turbine (both nozzle guide vane and rotor) considerably more difficult. 
 
Figure 1 Trend in Turbine Entry Temperature [2] 
 
2.0  OVERVIEW OF THE COOLED COOLING AIR CONCEPT 
A potential solution to achieving acceptable cooling is to employ a so-called cooled cooling air (CCA) system in 
which some of the compressor efflux is diverted for additional cooling by a heat exchanger located in the by-
pass duct. A typical CCA system, shown in Figures 2 and 3, can be sub-divided into three aerodynamic sub-
systems each with their own set of requirements and challenges. Overall the CCA system would be expected to 
provide a further temperature reduction of order 100K leading to an SFC benefit, for an optimised cycle, in the 
region of 1%. 
 
Figure 2 Cooled Cooling Air Concept [3]  
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Figure 3 Potential Low Pressure Configuration 
 
Although the overall concept is a fairly simple idea the practicalities of designing a working system pose some 
significant mechanical and aerodynamic challenges. The current paper describes a number of studies conducted 
at the Loughborough University Technology Centre (UTC) in Combustion System Aerothermal Processes (in 
close collaboration with Rolls-Royce). The work reported herein focusses on the aerodynamic design of the 
CCA system and, in particular, delivering both the hot and cold air to/from the heat exchanger with minimal 
impact on the core flow in the compression and combustion systems. Although an integral part of the system it 
is beyond the scope of the current paper to discuss, in detail, the design of the heat exchanger (HX). Preliminary 
studies (not reported here) have suggested the use of a number of discrete core-mounted HX units with the exact 
number and size determined by the airflow and cooling requirements. The HX will need to be compact and 
light-weight, have high heat transfer effectiveness and be fed by a relatively uniform flow. The HX units must 
also be robust as they will be failure critical components. Current concept design studies suggest a tube/shell 
type HX will be most suitable. 
 
3.0  LOW PRESSURE SYSTEM (COLD FLOW) 
The low pressure (LP) system delivers air bled from the bypass duct for use as a heat sink. The challenge here is 
to design a number of off-takes which can recover the maximum amount of total pressure from bypass flow (i.e. 
with a high ram recovery ratio). Downstream of the off-take the flow must then be significantly diffused prior to 
the HX in order to minimise loss. Typically the bypass flow is of order Mach 0.5-0.6 and it must be slowed to 
around a tenth of this. Finally the flow presented to the HX must be as uniform as possible in order to maximise 
the thermal performance of the HX.  
 
3.1 Flush Off-Take and Conventional Diffuser 
Perhaps the simplest design for the LP system is that shown in Figure 2 where a flush mounted off-take is 
mounted on the inner casing of the bypass duct and is then followed by a conventional diffuser. A flush off-take 
is preferred as it doesn't present an obstruction to the bypass flow. This is significant as in high bypass ratio 
engines this flow generates the majority of engine thrust and any obstruction can quickly lead to a reduction in 
thrust and an increase in SFC.  
The main issues with this configuration are the length required to achieve the desired level of diffusion and the 
fact the off-take is fed by the low quality flow generated in the fan hub. The latter is important in a number of 
ways. The hub boundary flow has a much lower velocity and this means that the LP system doesn't need to 
diffuse the flow by as much as previously stated. Although this may be advantageous, the hub flow also has a 
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total pressure deficit with respect to the bulk bypass flow and as such the effective ram recovery in the off-take 
will be reduced. Additionally the lower total pressure and momentum of the off-take flow in a flush off-take will 
render it less able to overcome the adverse pressure gradients caused by the still high levels of diffusion. Finally, 
even if flow separation is avoided the large non-uniformities still present in the hub flow may be magnified by 
the off-take and the diffusion process thus presenting the HX with an unacceptable inlet flow. In a preliminary 
design study conducted by the authors [4] it was shown that the off-take was the weak point in the system. 
Indeed, the level of flow distortion and boundary layer growth generated by the off-take resulted in flow 
separation in the downstream diffusers. Interestingly, separate CFD predictions, with a uniform inlet to each of 
the downstream diffusers showed that the flow would remain fully attached (see Figure 4). 
 
                             (a) Non-uniform inlet                                      (b) Uniform inlet 
Figure 4 Axial Velocity Contours (CFD) in Preliminary Off-Take System 
 
Simple off-takes are reasonably well understood in terms of ram recovery ratio but there is very limited data on 
the design of diffusing off-takes and how to generate a uniform efflux. The location of the off-take with respect 
to the fan outlet guide vane is also important in terms of component interactions. A’Barrow et al. [5] 
demonstrated a two-way coupling in a diffusing annular off-take situated in close proximity to the fan OGV. 
The off-take can influence the flow within the vane row and the condition of the OGV exit flow will dictate the 
attainable level of diffusion in the off-take.  
In order to better understand the flow in diffusing off-takes an investigation was undertaken to study the effect 
of main design parameters for a simple off-take [4]. This included aspect ratio, area ratio, velocity ratio, ramp 
angle/length, off-take angle, inlet flow distortion and parallel, divergent or convergent walls. Although 
predominately CFD based the numerical methodology was validated by the isothermal experiment shown in 
Figure 5. This consisted of a simple square tunnel 300mm x 300mm x 1500mm (L) with a parallel-wall flush 
off-take mounted on one wall (7° ramp, 10° duct angle, aspect ratio of 1 and depth of 50mm). The off-take mass 
flow, and hence the velocity ratio, was controlled by an auxiliary fan placed downstream of the off-take. A 
traverse mechanism was installed to enable a miniature five-hole probe to be traversed at the inlet, the throat 
plane and an AIP at 300mm downstream of the off-take throat. All tests were performed at a Reynolds number 
of approximately 500,000 with an inlet velocity of 30m/s. The corresponding numerical methodology utilised 
ANSYS Fluent, a hybrid structured mesh with ~2 million cells and a realizable k-ε turbulence closure in 
conjunction with a standard wall function.  
The results highlighted the importance of the diffusion process in the off-take and, in particular, the effect of 
flow modulation (turn down) at off-design conditions. This is highlighted in Figure 6 which shows that for a 
given geometry reducing the mass flow decreases the size of the captured stream tube, increasing the diffusion 
of this flow leading to flow separation in the off-take throat. Conversely at higher mass flows the captured 
stream tube now larger than the off-take area leading to acceleration and spillage from the splitter leading edge. 
These effects can also be clearly seen the variation of ram pressure recovery, 𝜂𝜂, and the velocity contours at the 
agreed interface place (AIP) 300mm downstream of the off-take throat (Figure 7).  
𝜂𝜂 = 𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴 − 𝑝𝑝𝑐𝑐𝑐𝑐
𝑃𝑃𝑐𝑐𝑐𝑐 − 𝑝𝑝𝑐𝑐𝑐𝑐
 … ( 1 ) 
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Figure 5 Experimental Set-Up [4] 
 
         
Figure 6 Effect of Velocity Ratio on Captures Stream Tube Diffusion [4] 
 
               
Figure 7 Effect of Velocity Ratio on Uniformity and Ram Pressure Recovery [4] 
 
3.2 Total Off-Take and Diffusing Duct 
Studies suggest that off-take performance needs to be improved and one way of doing this is to move to a Pitot 
(or total pressure) off-take mounted on the leading edge of the bypass strut - see Figure 8. The advantage of this 
configuration is that the off-take is now fed by good quality and reasonably uniform mainstream flow. It should, 
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therefore, be able to tolerate higher levels of diffusion and achieve a higher pressure recovery than a flush off-
take. However, the disadvantages are that the inlet velocity is higher necessitating more diffusion and the design 
of the transfer duct now becomes a significant challenge. Indeed an initial design, based mainly on mechanical 
constraints, exhibited large scale flow recirculation (Figure 9). In order to produce a viable aerodynamic 
solution a numerical design methodology was developed [6] which significantly enhanced and accelerated the 
design cycle. This used a Design of Experiments approach linked to an interactive design tool which 
parametrically controlled the duct geometry. Following an iterative process, individually optimized 2D designs 
were numerically assessed using ANSYS Fluent. These designs were then fed into an interactive 3D model in 
order to generate a final aerodynamic definition of the ducting. Further CFD predictions were then carried out to 
confirm the suitability of the design. RANS CFD solutions, generated, using a Reynolds stress turbulence 
model, suggested that the new design presented significant improvement in terms of diffusion and flow 
uniformity (Figure 9). To validate the DoE an isothermal experiment was also conducted with the test section 
3D printed as shown in Figure 10. A traverse mechanism was installed to enable a miniature five-hole probe to 
be traversed at various planes. All tests were performed at a Reynolds number of approximately 370,000 (based 
on the inlet height). Results showed reasonable agreement (Figure 11). 
 
 
Figure 8 Alternative Low Pressure Configuration [6] 
 
 
 
Figure 9 Improved Design After DoE [6] 
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Figure 10 Fully Assembled Duct Test Rig [6] 
 
 
Figure 11 Example Results – CFD versus Experiment [6] 
 
4.0  HIGH PRESSURE SYSTEM (HOT FLOW) 
The high pressure (HP) system delivers the hot core engine air to the HX and then returns the cooled air, across 
the main gas path, for use in component cooling. The simplest location to remove the HP air would be bleed off-
takes positioned on the combustion chamber outer casing (CCOC) with the number of off-takes required being a 
function of the number of HX (i.e. the cooling requirements). It is likely that several HX units will be required 
with each being supplied via individual off-takes. Downstream of the HX the cooled air will need ducting across 
the main gas path (Figure 12) and then it will follow a more-or-less conventional route to cool the various hot 
components. The design of this HP ducting system is crucial if CCA is to be successful. The ducts must be 
compact, lightweight and easy (cheap) to manufacture. They must also deliver a uniform flow distribution to the 
HX and to the downstream components and this must be done with the minimum possible total pressure loss. 
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In order to investigate the aerodynamics of the HP duct system the authors adopted a twofold approach 
employing CFD to gain a more detailed insight into the design space and a simple isothermal experiment to 
provide loss measurements and validation data for the CFD. Standard RANS CFD methods were employed 
using ANSYS Fluent, a multi-block structured hexahedral mesh and a k-omega SST turbulence closure in order 
to take advantage of the low Reynolds number modelling capabilities at the wall (y+ of order 1-2). The test rig 
was designed to be a simple facility which would enable a basic assessment of the loss through the HP ducting. 
Illustrated in Figure 13 it made maximum use of 3D printing (stereo lithography) for the ducting with the HX 
units modelled by representative porosity and a scaled pressure drop. The rig was run at a pipe Reynolds number 
of close to 20,000 to ensure fully turbulent flow and representative aerodynamics. A number of static pressure 
tappings were distributed at inlet and exit to each component in order to measure pressure loss and flow 
uniformity. 
Results showed that the overall system loss of the HP ducting was dominated by the heat exchanger (HX) which 
accounts for over 80% of the measured loss. Hence the losses in the actual ducts are not that critical to system 
performance and the critical factor now becomes flow uniformity supplied to the HX. In this respect the 
orientation of the HX inlet manifold was seen to be important as was the presence of small radius bends. The 
latter produces notable non-uniformities. An oblique or inclined manifold design produces the best feed to the 
HX but a horizontal manifold appears to be the most attractive design as it gains most of the performance 
advantages but also enables a more compact HX installation to be achieved.  
 
Figure 12 Example HP System Ducting 
 
 
Figure 13 HP System Ducting Test Rig 
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5.0  COMBUSTION SYSTEM INTEGTRATION 
It is vitally important that a CCA system is integrated into the engine architecture without having a negative 
impact on performance on existing systems. Several areas of potential conflict have been investigated during the 
course of this work. Areas investigated within the current work include the manner in which the cooled air 
crosses the main gas path to reach the engine core and the potential need for a rim purge flow at the exit to the 
high pressure compressor. Predominately experimental studies were undertaken to assess both of these and their 
potential impact on the aerodynamics of a generic lean burn combustion system 
 
5.1 Combustion System – Diffuser and Dump Cavity Flows 
Two methods were proposed for transferring the CCA flow across the main gas path. As shown in Figure 14 the 
cooled air can be returned to the engine core via simple transfer pipes located in the dump region of the 
combustor or through radial struts in the pre-diffuser. 
         
                             (a) Transfer pipe                                       (b) Strutted pre-diffuser 
Figure 14 Routes Across Main Gas Path [7] 
To date there has been no notable published work on the effects of pipework extending across the dump gap of a 
combustor. However, intuitively it may not seem the most aerodynamic of solution. In terms of including struts 
in the pre-diffuser it is well known that this has a negative effect on the combustion system aerodynamics. The 
overall area ratio of the pre-diffuser decreases and, with the subsequent increase in diffuser exit velocity, the 
system loss will increase. It is not common practice to area weight strutted pre-diffusers in order to recover this 
“lost” area because the confluent boundary layers at the strut-diffuser wall interface are more susceptible to flow 
separation. Additionally the presence of struts can generate upstream and downstream interactions. If the struts 
are too close to the upstream rotor or their leading edge too large then the upstream pressure field can alter the 
compressor performance. This effect is commonly seem in compressor transition ducts were the struts are 
relatively large (see Walker et al. [8]). Downstream, the wakes generated by the struts introduce non-uniformity 
into the combustor flow field and this can negatively impact feed to various features, not least the fuel injectors. 
Barker and Carrotte [9] reported that the vortex shedding frequency from the struts could be measured within 
the flame tube with velocity variations of up to 15% observed downstream of the fuel injectors. Clearly this will 
have an impact on the fuel/air mixing and combustion process. 
An existing experimental facility was used and modified accordingly (Figure 15) to examine the effect of adding 
transfer pipes or pre-diffuser struts. Housed within the Department of Aeronautical and Automotive Engineering 
at Loughborough University this rig comprises of a fully annular isothermal representation of a modern 
combustion system from the last stage of the HP compressor through to the inlet of the turbine and is described 
by Walker et al. [7]. Aerodynamic data were recovered using miniature five-hole pressure probes. Suitably 
calibrated and employed in the non-nulled mode, in line with Wray et al. [10], these provide the time-averaged 
local flow vector and total and static pressures. The probes could be traversed radially and circumferentially 
such that area traverses were constructed over repeatable sectors at OGV exit (A), pre-diffuser exit (B) and in 
the combustor annuli (C2 and E2) – refer to Figure 15. For example, over an OGV the area traverse was 
constructed from 21x21 radial and circumferential measurement points with increased density in regions of 
interest such as the OGV wakes and boundary layers. From the five-hole probe data, at any given plane, 
spatially averaged values were obtained through suitable averaging. For example, the velocity normal to the 
traverse plane, Ū, was obtained by area-weighting the individual values whilst the total, 𝑃𝑃�, and static, 𝑝𝑝�, 
pressures were mass-weighted using the technique described by Klein [11]. Changes in the spatially averaged 
pressures between any two planes are then expressed in terms of a total pressure loss, λ, and static pressure rise 
coefficient, Cp, with the change in pressure being made non-dimensional by a suitable reference dynamic head, 
for example: 
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𝜆𝜆 = 𝑃𝑃�1 − 𝑃𝑃�2
𝑃𝑃�1 − 𝑝𝑝�1
 
 
… ( 2 ) 
𝐶𝐶𝑝𝑝 = 𝑝𝑝�2 − 𝑝𝑝�1
𝑃𝑃�1 − 𝑝𝑝�1
 … ( 3 ) 
 
 
Figure 15 Isothermal Test Facility [7] 
Of particular interest to this work was the effect on total pressure loss and flow uniformity at OGV exit, pre-
diffuser exit, in the combustor annuli and the feed to the fuel injectors. Minimal impact on total pressure loss is 
crucial as this is closely linked to cycle performance and overall specific fuel consumption. Flow uniformity is 
similarly important as it is dictates the quality of feed to important features within the combustion system (fuel 
injectors, cooling flows etc.).  
 
5.1.1 Transfer Pipes 
Full details of the results are given in Walker et al. [7] but in summary the data show that the inclusion of 
transfer pipes has negligible aerodynamic impact in terms of flow structure, distribution and total pressure loss. 
By way of example, axial velocity contours measured at pre-diffuser exit (Figure 16) are almost identical. 
Similarly Figure 17 shows that the transfer pipes do not affect the feed to the fuel swirl nozzles and Figure 18 
illustrates there is minimal change in total pressure loss. Consequently, from an aerodynamic perspective the 
simple transfer pipe option is simple and attractive solution. However, the current study did not examine any 
thermo-mechanical implications or the fact that transfer pipes may not be a viable option in all engines if there is 
insufficient space in the dump region. 
      
       (a) Without transfer pipe (20° sector)                              (b) With transfer pipe (20° sector) 
 
Figure 16 Contours of Axial Velocity at Pre-diffuser Exit (B) [7] 
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Figure 17 Total Pressure Feed to the Fuel Spray Nozzle [7] 
 
 
(a) Mass-weighted total pressure loss coefficient 
 
(b) Mass-weighted static pressure recover coefficient 
Figure 18 Performance Parameters – Transfer Pipes [7] 
 
5.1.2 Strutted Pre-Diffuser 
With the addition of radial struts to a clean pre-diffuser no evidence of upstream effects were observed and the 
flow field at OGV exit was unchanged as can be seen in Figure 19. However the effect of the struts is clearly 
seen at pre-diffuser exit in Figure 20. With the addition of struts the pre-diffuser area ratio is reduced and the 
flow profile becomes more “peaky” with an increase in the maximum velocity. Importantly the flow still shows 
no evidence of flow separation; a weakness of strutted pre-diffusers is the end-wall / strut interface where the 
confluent boundary layers are more prone to separation. However, the inclusion of struts and the resultant 
increase in wetted area causes the pre-diffuser total pressure loss to rise by approximately one third (Figure 21). 
Similarly the reduction in area ratio results in a reduced static pressure recovery. More significantly, reduction 
in area ratio and hence diffusion resulted in an unacceptable increase in overall system loss (by up to 40%). 
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Simply adding radial struts to an existing pre-diffuser is not therefore an attractive option as it will increase the 
loss in the combustion system which will ultimately have a negative impact on overall engine fuel burn. 
 
 
 
                                  (a) Clean                                                                             (b) Strutted 
Figure 19 Contours of Axial Velocity at OGV Exit (A) [7] 
 
 
                                         (a) Clean                                                                     (b) Strutted 
Figure 20 Contours of Axial Velocity at Pre-diffuser Exit (B) [7] 
 
 
(a) Mass-weighted total pressure loss coefficient 
 
(b) Mass-weighted static pressure recover coefficient 
Figure 21 Performance Parameters – Clean/Strutted Diffuser [7] 
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5.2 Compressor Rim Purge Flow 
In modern gas turbines compressor exit air is routinely used to cool components in the combustion and turbine 
systems. However, as OPR continues to rise the compressor exit temperature will also increase and the rear 
components of the compressor itself may require similar cooling strategies to that of the turbine. In current 
designs an amount of compressor exit air is usually bled from the main gas path into the rotor drive cone cavity 
for thermal management (Figure 22a). In future designs where CCA is employed this air may be too hot and 
rather than cooling the drive cone cavity it could result in significant thermal damage. One solution to this is to 
use a concept is akin to that of a turbine “rim purge flow” where flow is ejected into the mainstream from the 
rotor cavity (Figure 22b) ensuring that the hot, mainstream flow does not get ingested into rotor cavity. 
However, the compressor aerodynamics is generally more sensitive than in turbines and introduction of this 
purge flow may be more penalizing. The compressor outlet guide vanes (OGV) and the pre-diffuser have high 
aerodynamic loading and can therefore be prone to flow separation. Importantly, the OGV/pre-diffuser also 
form the interface with the combustor and it has been shown that the aerodynamic performance of these 
components can be closely coupled (see, for example, Walker et al.[12-14], Ford et al.[15]). 
 
        (a) Conventional “outflow”         (b) Proposed “purge” flow               (c) Test rig geometry 
Figure 22 Purge Flow [16] 
A preliminary investigation into this was conducted using both CFD and experiments conducted on the same 
test facility shown in Figure 15 but modified to introduce a metered amount of purge flow as shown in Figure 
22c. As in the engine the purge flow passes along the rotor disc and picks up tangential momentum giving 
reasonable swirl content when it enters the main flow. Rotational Reynolds numbers are not matched in the low 
speed rig but, given the compressor operates at the correct flow coefficient, it is fair to assume that the purge 
flow will be broadly representative in terms of relative tangential momentum.  
Detailed data are presented in [16] but in summary the CFD predictions demonstrated the potential of the purge 
flow to negatively affect the aerodynamics of the OGV. In particular they highlighted that the effect is much 
greater when the purge flow is positioned close to the OGV, as it would typically be in an engine, whilst if it 
were positioned half to one chord length upstream the effects are almost negligible. This is shown in Figure 23 
which show the predicted loss cores at OGV exit are significantly larger even at a low purge flow rate 
equivalent to 1% of the mainstream flow. The effect was validated on the test rig over a range of purge flow 
rates up to 3% of the mainstream. Example data in Figure 24 shows the deterioration of the flow at both OGV 
exit and, importantly, at pre-diffuser exit which represents the inlet condition to the combustion system. The 
effect of this deterioration on system loss is shown in Figure 25. At the proposed purge flow rate equal to ~1% 
of the mainstream flow the effects on measured combustion system losses were seen to be small. However, at 
the higher purge flow rates these are unacceptable with a resultant 13% increase in the combustion system loss. 
 
                                            (a) x/c = 0             (b) x/c = -0.5          (c) x/c = -1.0 
Figure 23 Effect of Purge Flow Location at OGV Exit (CFD) – 1% Purge Flow [16] 
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                        (a) 0%                          (b) 1.5%                        (c) 3% 
Figure 24 Measured Effect of Purge Flow Rate (top – OGV exit, bottom – diffuser exit) [16] 
 
 
  
         (a) Mass-weighted total pressure loss coefficient        (b) Mass-weighted static pressure recover coefficient 
Figure 25 Performance Parameters – Clean/Strutted Diffuser [16] 
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6.0  CONCLUSIONS  
A study has been presented describing potential solutions to the aerodynamic design requirements of a cooled-
cooling air system for a large, high by-pass ratio, high overall pressure ratio aero-engine. The main 
achievements can be summarised as follows: 
The use of a conventional flush off-take, although beneficial for the bypass flow, was shown to be sensitive to 
changes in operating condition (captured mass and diffusion) and to deliver flow of unacceptable uniformity. A 
Pitot off-take was shown to be preferable despite the fact it required increase diffusion and a more complex duct 
design. To design these highly curved and diffusing ducts a numerical design methodology was developed, 
successfully implemented and experimentally validated. Results suggested that the new design presented 
significant improvement in terms of diffusion and flow uniformity. 
Two methods of returning the cooled HP air across the main gas path have been examined; via simple transfer 
pipes in the dump region or via radial struts in the pre-diffuser. Measurements have shown that the inclusion of 
simple transfer pipes had negligible aerodynamic impact in terms of flow structure and total pressure loss. 
Consequently, for an aerodynamic perspective the simple transfer pipe option is an attractive solution. The 
addition of radial struts to a datum clean pre-diffuser did not produce any evidence of flow separation (a known 
weakness of strutted pre-diffusers). However, due to the reduced area ratio the measured pre-diffuser total 
pressure loss increased by a third and, more importantly, the reduced diffusion resulted in an unacceptable 
increase in overall system loss (by up to 40%). Simply adding radial struts to an existing pre-diffuser is not 
therefore an attractive option as it will increase the loss in the combustion system which will ultimately have a 
negative impact on overall engine fuel burn. 
A preliminary CFD investigation into the effects of a rim purge flow, which enters the main gas path 
immediately upstream of the high pressure compressor outlet guide vane row, demonstrated the potential of the 
purge flow to negatively affect the aerodynamics of the OGV. Secondary loss cores were seen to increase and 
consequently the pre-diffuser exit flow (i.e. the inlet condition to the combustion system) deteriorated. 
Experiments confirmed the CFD and also highlighted the potential negative effect on the combustion system 
overall loss. At low purge flow rates (~1% of the mainstream flow) the effects on measured combustion system 
losses were small. At higher purge flow rates (up to 3%) these effects became unacceptable; the OGV/pre-
diffuser flow degraded significantly with a resultant 13% increase in the combustion system loss. This work is 
currently continuing to examine if the purge flow can be introduced into the main gas path in such a manner as 
to minimise or eliminate the negative effects. At the time of writing numerical studies show good promise and 
an experimental test campaign will follow. 
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